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Introduction
Cont inuous glucose monitoring (CGM) systems provide a complete view of glycemic control over time, e.g., minute-by-minute snapshots of glucose values and their excursions, compared with isolated measurements in selfmonitoring of blood glucose (SMBG). Continuous glucose monitoring provides information to people with diabetes at times when SMBG is not feasible (e.g., when sleeping), and CGM decreases hemoglobin A1c in adult patients with type 1 diabetes who use the devices frequently, e.g., by incorporating a low-glucose insulin pump suspension or by motivating patients to behavioral changes. [1] [2] [3] [4] [5] Continuous glucose monitoring systems typically consist of a sensor that is applied on the body to measure glucose concentrations in the interstitial fluid, a transmitter that is attached to the sensor, and a receiver that communicates wirelessly with the transmitter and on which glucose data are displayed. Most CGM systems provide onscreen glucose graphs that also indicate the direction and rate of glucose change, and typically, alarms can be set for high and low glucose values.
Accuracy of the glucose measurements and reliability of the CGM system are relevant factors in the use of CGM systems by people with diabetes. In 2008, the Clinical and Laboratory Standards Institute (Wayne, PA) published the POCT05-A, "Performance Metrics for Continuous Interstitial Glucose Monitoring; Approved Guideline." 6 This guideline provides recommendations for performance evaluation of CGM systems with respect to study design and parameters of interest. The study presented here was designed to fulfill these recommendations in part. Specifically, segments with highfrequency blood glucose (BG) measurements, fast rates of glucose change, and a suitable number of measurement results below 70 mg/dl and above 180 mg/dl should be achieved.
Numerous studies about performance of CGM systems have been published, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] but only one employed the recommendations of POCT05-A, 18 and none of these studies investigated the CGM system used here.
Purpose of Study
The aim of this study was to investigate the performance of a CGM system that has been introduced into the market (Dexcom G4™; Dexcom, San Diego, CA) in a setting resembling daily life but also incorporating parts of the POCT05-A guideline. Performance was assessed by sensor-to-BG differences. For the additional evaluation of sensor-to-sensor differences, participants used two sensors simultaneously.
Methods
The study was conducted in October 2012 in compliance with the German Medical Devices Act and the Good Clinical Practice provisions of the Declaration of Helsinki at the Institute for Diabetes-Technology GmbH in Ulm, Germany. The study protocol was approved by the responsible ethics committee (Landesärztekammer (state board of physicians) Baden-Württemberg) and the competent authority (Bundesinstitut für Arzneimittel und Medizinprodukte, Federal Institute for Drugs and Medical Devices). Informed consent forms were signed by all subjects before beginning study procedures.
Study Population
All 10 subjects who were screened were eligible for study participation; there were no screening failures or dropouts. All study participants (7 female, 3 male) had type 1 diabetes; 9 were treated with continuous subcutaneous insulin infusion, and 1 was treated with multiple daily injections that were applied with an insulin pen [one injection per day for basal insulin (insulin glargine) and insulin aspart for meal and correction doses]. The subjects' age was 49 ± 7 years (mean ± standard deviation; range 39 to 63 years); duration of diabetes was 32 ± 12 years (16 to 47 years); body mass index was 27.0 ± 5.8 kg/m 2 (21.6 to 41.4 kg/m 2 ); and hemoglobin A1c was 8.0% ± 1.5% (6.8 to 11.7%).
Some subjects had used CGM systems prior to, but not while, participating in the study. periumbilical subcutaneous tissue of the abdomen using the system-specific insertion device. The G4 transmitters and receivers of the two systems provided to each subject were labeled "A" or "B" to provide unique identification of each system. Sensors were removed by a physician between breakfast and lunch on calendar day 8 so that the maximum sensor usage time was marginally below the lifetime of 7 days specified by the manufacturer. Sensor survival rate was 100%. However, on one occasion, the transmitter of a CGM system had to be replaced directly after sensor insertion, because it could not be connected to the CGM receiver.
Calibration of the G4 systems was performed according to manufacturer labeling: 2 h after sensor insertion and then every 12 h. Subjects were allowed to calibrate their systems under supervision of study staff.
Throughout the study, subjects were allowed to move around the study site freely and to leave the study site on their own, except, for safety reasons, on days with induced glucose excursions. Subjects had to be present for breakfast, lunch, and dinner, which were served at 8:00 am, 1:00 pm, and 6:00 pm, respectively. Apart from the breakfasts used for inducing glucose excursions, meal size and composition were unrestricted. Because the subjects were also wearing another, nonwaterproof device, they were not allowed to shower or bathe.
During the entire study, capillary BG was measured at least once per hour between 6:00 am and 10:00 pm and at least once at night with a BG meter (ACCU-CHEK ® Aviva; Roche Diagnostics GmbH, Mannheim, Germany). Measurements were performed in duplicate (two measurements taken from one finger prick). If the deviation between the two BG measurement results was >10% for BG values ≥100 mg/dl or >10 mg/dl for BG values <100 mg/dl, a third measurement was performed to provide a valid duplicate measurement (composed of those two measurements that showed the lowest difference). The capillary BG readings were performed without checking the current CGM reading.
The BG meter readings were also used for calibration of the G4 sensors. For both CGM systems (A and B), the first value of a valid double measurement (discussed earlier) was used. For the first calibration (2 h after insertion), which requires input of two BG values, both values of a valid double BG measurement were used.
For evaluation of CGM system performance according to the POCT05-A guideline, glycemic excursions with values in the hyperglycemic and hypoglycemic range and with rapid changes in glycemia were induced on study days 2 and 3 (Figure 1 ). Hypoglycemia and hyperglycemia were defined as BG values below 70 mg/dl and above 250 mg/dl, respectively, and rapid changes in glycemia were defined following POCT05-A. To induce such excursions, breakfasts with high glycemic indexes were served to the subjects and the corresponding insulin doses were varied at the physician's discretion.
The breakfast had a composition of approximately 80% carbohydrates, 10% protein, and 10% fat with a caloric content of a maximum of 20% of the subject's daily caloric demand to limit the resulting insulin dose that had to be applied.
The physician calculated the prandial insulin bolus based on the capillary BG value measured prior to the start of meal and the subject's therapeutic data. To induce pronounced postprandial excursions, the calculated insulin bolus was increased by approximately 15% and applied with a delay of approximately 15 min. With this procedure, early postprandial hyperglycemia and late postprandial hypoglycemia were achieved. Apart from this insulin bolus adjustment, subjects followed their regular diabetes therapy.
The high-frequency BG measurements during postprandial glycemic excursions stopped after approximately 5 h independent from the current BG values or rate of glucose change, changing back to the regular measurement frequency. During such experimental phases with induced changes in glycemia, additional capillary measurements were performed in 15 min intervals to closely monitor changes in the subjects' BG levels. The main reason for the increased measurement frequency was subject safety, but it also provided the POCT05-A-recommended segments with highfrequency BG sampling. Regulation of the insulin boluses and monitoring of the BG levels during these phases was performed by the study physician.
On the last study day, the CGM systems were removed and the study physician examined the sensor insertion sites and performed a final physical examination. Figure 1 shows two representative data of one subject.
Data Analysis
The CGM system recorded glucose readings only between 40 and 400 mg/dl; readings outside this range were recorded as "low" or "high" (i.e., no numerical value was assigned) and therefore excluded from data analysis. For evaluation, the CGM readings, which were recorded with rates of one reading per 5 min, were interpolated linearly to one reading per minute. Missing values were not interpolated.
The first value of a valid duplicate capillary BG measurement result was used for pairing to interpolated CGM readings to imitate the behavior of a CGM end user who typically does perform single BG measurements.
For data analysis, the following time frames were defined:
1. Complete experiment (7 days). In this analysis, the number of capillary BG readings during the induced glycemic excursions was limited to one per hour in order to provide similar numbers of readings for each study day. 2. Induced glucose excursions. This subanalysis was restricted to the two periods in which glycemic excursions were induced (i.e., approximately 10 h per subject). In this subanalysis, all capillary BG readings obtained were included in the analysis.
Mean absolute relative difference (MARD) and precision absolute relative difference (PARD) were calculated to assess numerical accuracy. 25 For calculation of MARD, the mean of the duplicate capillary BG readings were paired to interpolated CGM readings. Then the absolute of the difference between CGM reading and mean of the duplicate BG reading was divided by the mean of the duplicate capillary BG measurement results. These relative differences were evaluated as averages across all the experiments' MARD results (n = 20) and as aggregated mean over single absolute relative differences. For calculation of MARD in the glucose ranges <70, 70-180, and >180 mg/dl, the absolute relative differences were categorized depending on the corresponding capillary BG reading. Each of the two CGM systems per subject was analyzed separately.
The PARD was calculated in a similar fashion; interpolated CGM readings of one system were subtracted from interpolated CGM readings of the other system, and this difference was divided by the average of the interpolated CGM readings of the two sensors. 13, 14 Again, the average across all experiment PARD results (n = 10) and aggregated mean over single relative differences were calculated. Categorization of single absolute relative differences into one of the three glucose ranges mentioned before was performed based on the average of the corresponding sensor readings.
The Clarke error grid analysis (EGA) was used for clinical evaluation of point accuracy. 
Results

Complete Experiments
Results for the MARD and PARD are displayed in Table 1 .
Aggregate MARD for the G4 systems was 11.0%, based on all individual paired data points from 20 recordings from 10 subjects (n = 2392); the measurement quality improved with time, starting at 15.5% on day 1 and ending at 8.6% on day 7 (Table 1; Figure 2 ). In the low BG range (<70 mg/dl), 9% of all capillary BG readings were in this range; the aggregate MARD was 13.7%. The aggregate MARD in the euglycemic and hyperglycemic ranges was 11.4% (69% of readings) and 8.5% (22% of readings), respectively. Aggregate PARD was 7.3% (n = 96,430), improving from 11.6% on day 1 to 5.2% on day 7 (Figure 3) . Compared with the euglycemic and hyperglycemic ranges (7.3% and 5.0%, respectively), the aggregate PARD was higher in the hypoglycemic range (14.2%).
The EGA yielded 76.3%, 22.3%, 0.0%, 1.3%, and 0.0% of paired measurement results in zones A, B, C, D, and E, respectively (n = 2392; Figure 4 ).
Cumulative percentage of CGM readings within 5%, 10%, 20%, and 30% deviation of the capillary BG readings are provided in Table 2 . In the low glucose range (<70 mg/dl), the percentage of readings <5% and <10% deviation was markedly smaller than for the higher glucose ranges. However, the percentage of readings within 30% deviation was only slightly smaller compared with the other ranges. 
Induced Glucose Excursions
The MARD during induced glucose excursions (17.0%) was higher than for the complete experiments (11.0%), while the PARD was only slightly higher (9.3% versus 7.3%). High rates of change of glycemia were observed during induced glucose excursions. A total of 12% of rates of change of glycemia were <-3 or >3 mg/dl/min, and 45% were between -1 and 1 mg/dl/min ( Figure 5 ).
Discussion
In a clinical setting similar to daily life, in which parts of the recommendations of Clinical and Laboratory Standards Institute guideline POCT05-A were incorporated, the CGM system investigated showed good performance. The overall MARD and PARD results obtained are comparable or lower (i.e., better) than what is reported for other CGM systems. [7] [8] [9] [10] [11] [12] [13] [14] [15] 17, [21] [22] [23] Continuous glucose monitoring performance often was reported to be poor in the low glucose range. 8, 10, 12, 17, 19, 23 For G4, however, the MARD was only slightly worse (i.e., higher) than in the other concentration ranges, and it was markedly lower than that of other CGM devices. 8, 13, 17, 27 When compared with three CGM systems investigated in a very similar setting [the G4's predecessor SEVEN ® Plus system (Dexcom, San Diego, CA), FreeStyle Navigator™ (Abbott Diabetes Care, Alameda, CA), and Guardian ® REAL-Time (Medtronic MiniMed, Northridge, CA)], 27 an improved performance can be noted. Apart from induced glucose excursions, where the G4's performance was similar to that of the SEVEN Plus, the G4 shows markedly better performance than its predecessor. Compared with the FreeStyle Navigator, the G4's performance is worse in the induced glucose excursions but much better in the hypoglycemic range. In comparison with the Guardian REAL-Time system, the G4 shows better performance in all parameters analyzed.
Comparing CGM readings with capillary BG readings obtained with a SMBG meter is common for assessment of CGM performance, although this does not allow the assessment of absolute CGM performance, only performance relative to the SMBG. Additionally, the results are influenced by a composition of errors inherent to the SMBG meter and errors inherent to the CGM meter. The SMBG measurements were performed at least in duplicate to minimize the influence of SMBG meter errors.
The improved performance of this CGM system in the hypoglycemic range is of clinical relevance as it enables a more reliable detection of low glucose values. Based on the improved accuracy and precision in the hypoglycemic range, it is likely that the number of false positive and false negative alarms is reduced compared with other devices. It also allows more reliable performance when used in an artificial pancreas system. 23 Improving measurement performance of the CGM system during the usage period (i.e., the MARD and PARD decreased over the course of the study) is a finding that was also observed with its predecessor system and other CGM systems. 13, 22, 27 In a more clinically oriented analysis, the EGA, evaluation of the G4's performance resulted in a high number of acceptable measurement results; these data are comparable with or slightly better than what is reported for other CGM systems. 
